The 28,000-dalton (p28) major structural polypeptide of the mouse mammary tumor virus (MMTV) was isolated and used to develop a highly sensitive and specific radioimmunoassay. Under conditions of limiting antibody in competitive binding assays, as little as 50 pg of purified p28, as well as disrupted MMTV virions and mammary tumor extracts, competed specifically with '"(-labeled MMTV p28. The p28 polypeptide was further shown to contain both group-specific and type-specific antigenic determinants, thus also allowing for further differentiation of various MMTV strains.
INTRODUCTION
A variety of immunological assays have been used to characterize and quantitate MMTV3 expression (2, 3, 6, 9, 15) . Radioimmunoassays for intact MMTV virions (5, 13) and for isolated structural polypeptides of MMTV (16, 18, 21, 25, 35, 37) have been used as the most sensitive mea sure of MMTV antigens in murine tissues and body fluids (16, 18, 22) as well as in culture fluids of MMTV-infected cells (10, 13) . The predominant MMTV antigens detected in these radioimmunoassays have been the major surface glycoprotein with a molecular weight of 52,000, gp52, and the 14,000-dalton internal polypeptide, p14.
We report here the development of a sensitive and spe cific radioimmunoassay for the 28,000-dalton major internal structural component of MMTV, p28 (23, 31) . This assay detects MMTV p28 in virions and murine mammary tumors at the pg level. Consistent with the results obtained with MMTV gp52 radioimmunoassays (32, 33) , both group-spe cific and type-specific antigenic determinants have been found associated with MMTV p28. The MMTV's used re tained their antigenic reactivities when grown in feline cells, indicating the viral-coded nature of the MMTV p28 reactivi ties. and GR mice (10) are designated MMTV(RIII)Fe, MMTV(C3H)Fe, and MMTV(GR)Fe, respectively. MMTV's were purified as described previously (33) . Mason-Pfizer monkey virus, RD-114 virus, avian myeloblastosis virus, Rauscher murine leukemia virus, and MMTV from MmSmt/ c, cells were obtained through the Office of Resources and Logistics, Virus Cancer Program, National Cancer Institute, Bethesda, Md. Squirrel monkey retrovirus (8) was grown in canine thymus cells. Endogenous murine type C virus from C3H mice was grown in C3H T10 cells (19) . The endogenous M432 retrovirus (4) from Mus cervicolor mice and langur monkey virus (1) were obtained from Dr-rG. Todaro and Dr. R. Callahan, National Cancer Institute. Guinea pig virus was obtained from Dr. J. Dahlberg, National Cancer Institute (7). Bovine leukemia virus was obtained from Dr. R. Gilden, Frederick Cancer Research Center, Frederick, Md.
MATERIALS AND METHODS

Viruses. MMTV obtained from the milk of Rill mice is designated MMTV(RIII)
Cell Extracts. Extracts of mouse mammary tumors, nor mal C57BL mouse lactating mammary glands, and CrFK cells were prepared as previously described (33) . Briefly, 2 to 3 g of tissue were homogenized in the presence of deter gent. Following ether extraction the extracts were dialyzed and concentrated.
Purification of MMTV p28. The 28,000-dalton major inter nal protein of MMTV, p28, was purified by using a modifi cation of the method described by Ritzi ef al, (21) . Briefly, MMTV was disrupted with 2% Triton X-100 and 0.8 M KCI at 37Â°for 15 min and then dialyzed overnight. The solubilized viral proteins were applied to a concanavalin A:Sepharose column. The unbound fraction was dialyzed overnight against 0.02 M Tris (pH 8.3) and applied to a 3-ml (Whatman) DE52 column equilibrated with 0.02 M Tris (pH 8.3). The column was washed with 5 column volumes of 0.02 M Tris (pH 8.3). Proteins were eluted with a 50-ml gradient of 0 to 0.4 M NaCI in 0.02 M Tris (pH 8.3). One-mi fractions were collected, and 10 /Â¿I of each fraction were tested in doublediffusion agar plates (2% Noble agar; Hyland Pattern C; 37Â°; 24 to 72 hr) against antisera to MMTV p28. Fractions showing reactivity with the antisera were pooled, concen trated, and dialyzed against 0.1 M borate (pH 8.5). The average yield of p28 was approximately 60% of the expected value, assuming p28 comprises approximately 20% of the total MMTV protein (34) . Purified p28 was stored at -70Â°at a minimum concentration of 0.1 mg/ml. Protein concentra tions were determined by the method of Lowry ef al. (14) with bovine serum albumin as a standard.
Antisera. Antiserum against purified MMTV(RIII) p28 was prepared in rabbits by footpad injection of 50 /Â¿g purified protein mixed with complete Freund's adjuvant. Two weeks later the rabbits were given intradermal booster injections of 50 ng purified p28 mixed with incomplete Freund's adjuvant and thereafter bled at weekly intervals. Subse quently, the rabbits were given monthly intradermal booster injections of 25 Â¿ig purified protein mixed with incomplete Freund's adjuvant and thereafter bled at weekly intervals.
Goat antisera against purified p28 and goat anti-rabbit IgG were obtained through the Office of Resources and Logis tics, Virus Cancer Program, National Cancer Institute.
Polyacrylamide Gel Electrophoresis. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis was performed as described previously (33) . Gels containing nonradioactive samples were stained with Coomassie Blue. Gels con taining iodinated preparations were sliced in 1-mm frac tions and counted in a y counter.
lodination. Purified MMTV p28 was labeled with '"I by using a modification of the lactoperoxidase method (36), as described previously (33) . Following iodination the MMTV p28 was chromatographed on a Sephadex G-100 column (8 x 24 cm) that was prewashed with 1 mg bovine serum albumin in TNE; 0.5-ml fractions were collected into tubes containing 50 n\ 0.1% bovine serum albumin and counted. The fractions containing the major peak of 125l-labeled p28 were dialyzed overnight against TNE containing 5 mM potassium iodide and were individually titered with antiserum against MMTV p28.
Immunoprecipitation. For preparation of immunoprecipitates for sodium dodecyl sulfate-polyacrylamide gel elec trophoresis analysis, 20 /Â¿I of anti-MMTV p28 (diluted 1:50 in 0.02% normal rabbit IgG) were added to 2 x 106 cpm of 125l-labeled MMTV [iodinated after detergent disruption as described previously (33)] in a total volume of 300 Â¿tl. After 1 hr at 37Â°, 100 /nl of previously titered goat anti-rabbit IgG were added, and the incubation was continued at 37Â°for 1 hr and overnight at 4Â°.The immunoprecipitate was col lected following centrifugation at 10,000 x g for 3 min and washed with 400 fj.\ of TNE containing 0.1% NP-40. The procedure of washing and centrifugation was repeated 2 more times. After a final wash in ice-cold acetone, the immunoprecipitates were subjected to electrophoresis on polyacrylamide gels. Preimmune rabbit sera were used as controls.
Titration of Antisera. Antisera to MMTV p28 were titered against 125l-labeled MMTV p28. Test sera were serially diluted 2-fold in 0.02% normal rabbit IgG in borate:0.78% NaCI solution buffer (33) . Ten /Â¿I of each dilution were added to 100 /Â¿I of borate:0.78% NaCI solution buffer. Forty fj.\ of '"l-labeled MMTV p28 (10,000 cpm) were then added, and the mixture was incubated at 37Â°for 2 hr. Fifty /Â¿I of appropriately diluted goat anti-rabbit IgG (which had been previously titered against rabbit IgG) were then added, and the incubation was continued at 37Â°for 1 hr and at 4Â°o vernight. Following centrifugation at 10,000 x g for 1.5 min, 100 /J of the supernatant were removed and assayed for radioactivity. The remaining 100 Â¿Â¿I were also assayed for radioactivity. The percentage of precipitation was calcu lated by dividing the difference in cpm between the two 100-/J aliquots by the sum in cpm of the same 2 aliquots and multiplying by 100.
Radioimmunoassay. A competitive binding assay by the technique of sequential saturation (38) was used as a radioimmunoassay for MMTV p28. Competing antigens in 100 n\ were added to 20 Â¿Â¿I of 3% NP-40 and incubated at 37Â°for 15 min. Ten Â¿il of antisera, appropriately diluted to give approximately 50% of the maximum precipitation of 125l-labeledp28, were then added. After 2 hr at 37Â°, 20 /nl of 125l-labeled MMTV p28 (10,000 cpm) were added, and the incubation was continued at 37Â°for 1 hr. Finally, 50 /JL\ of appropriately diluted goat anti-rabbit IgG were added, and the incubation was continued for 1 hr at 37Â°and overnight at 4Â°. Following centrifugation at 10,000 x g for 1.5 min, the percentage of precipitation was calculated as described previously. The percentage bound was calculated by divid ing the percentage of precipitation in the presence of competing antigen by the percentage of precipitation in the absence of any competing antigen and multiplying by 100. Binding in the presence of normal rabbit IgG (0 to 3%) was subtracted from the total percentage of precipitation.
RESULTS
Purification of MMTV p28. Purified MMTV preparations were used for the isolation of MMTV p28. Following ion exchange chromatography on a DE52 column, the majority of MMTV p28 antigenicity was found to elute at a NaCI concentration of 0.04 to 0.05 M. Electrophoretic analysis of these fractions on polyacrylamide gels resulted in a single stained band with an estimated molecular weight of 28,000. lodination of this preparation followed by polyacrylamide gel analysis resulted in the migration of >90% of the 125I as a homogeneous peak of 28,000 dallons (Chart 1/\).
Antisera Characterization. (Chart 16, closed circles) . The minor amounts of radioactivity found in the regions of gp52, the 36,000-dalton glycoprotein of MMTV, and p14 (Chart 16) were also found with preimmune serum and are probably due to incomplete washing of the immunoprecipitates.
In contrast, multivalent antisera raised against disrupted MMTV virions caused significant precipitation of gp52, the 36,000-dalton glycoprotein of MMTV, p28, and p14.
The anti-MMTV p28 antiserum used in the studies also showed a single precipitin line of identity in immunodiffusion with disrupted MMTV virions and purified p28. The single precipitin line was completely nonidentical with the precipitin line formed by specific anti-MMTV gp52 serum and disrupted MMTV virions. The anti-MMTV p28 serum did not react in immunodiffusion with milk proteins from C57BL mice, fetal calf serum proteins, protein extract of uninfected CrFK cells, or with Rauscher or AKR murine leukemia viruses.
Radioimmunoassay. Greater than 80% of the 125l-labeled MMTV p28 was precipitated by a 1:2,000 dilution of the rabbit anti-MMTV p28 serum, whereas 50% of the maximum precipitation was obtained with a final serum dilution of 1:60,000 (Chart 2). Preimmune serum from this same rabbit did not precipitate the 125l-labeled MMTV p28.
The binding of limiting dilutions of anti-MMTV p28 to 125I-labeled MMTV p28 could be inhibited by purified MMTV p28, disrupted MMTV virions, or extracts of spontaneous mouse mammary tumors in competitive radioimmunoassays. As can be seen in Chart 3, as little as 50 pg purified MMTV p28 caused 20% inhibition of binding. competition curve from the purified p28 competition curve is consistent with the percentage of p28 protein in whole MMTV virions (34) .
The MMTV p28 radioimmunoassay was also used to detect the expression of viral-related proteins in sponta neous mouse mammary tumors. Extracts of C3H, C3HÃ•C57BL, and Rill mammary tumors revealed expression of MMTV p28. The C3H mammary tumor extract contained the highest amount of MMTV p28 antigenicity; approxi mately 0.1% of the total cell protein was related to MMTV p28. Approximately 0.03% of the protein in the RII mam mary tumor extract and 0.01% of the protein in the C3HfC57BL mammary tumor extract were antigenically re lated to MMTV p28. In contrast, no competition of binding was observed when extracts of RIM liver, C57BL lactating mammary glands, or C57BL milk were used as competitors (Chart 3). In addition, no competition was observed by using purified gp52 from MMTV(RIII) as competitor at pro tein inputs >1000 times those used with purified MMTV p28 as competitor.
Several other retroviruses were used as competitors in this assay, including (Chart 3, open diamonds) MasonPfizer virus, langur virus, squirrel monkey retrovirus, RD-114, bovine leukemia virus, the endogenous type B guinea pig virus, M432 M. cervicolor virus, and murine leukemia viruses (Rauscher and C3H/T10). None of these retroviruses showed any blocking up to an input of 10" ng.
Type-specific and Group-specific Reactivities of MMTV p28. When a MMTV p28 radioimmunoassay was conducted with '"l-labeled MMTV(C3H) p28 and high dilutions of anti-MMTV(RIII) p28 serum for maximum sensitivity, no qualita tive (/.e., slope) differences were observed among the mammary tumor extracts from Rill, C3H, or C3HfC57BL mice (Chart 3). We have previously reported that antigenic differences in MMTV gp52's could be detected and en hanced by using isologous radioimmunoassays [anti-
MMTV(RIII) versus MMTV(RIII) antigen or anti-MMTV(C3H) versus MMTV(C3H) antigen] and assay conditions of low-
antibody dilution (33) . For demonstration of type-specific reactivities associated with the MMTV p28 polypeptide, isologous assays and conditions of low-antibody dilution were used. The binding of antisera prepared against the MMTV p28 of Rill mice [anti-MMTV(RIII) p28] to 125l-labeledMMTV(RIII) p28 could be completely inhibited by the addition of 1 /Â¿g of purified MMTV(RIII) p28 (Chart 4A). The addition of increas ing amounts of MMTV(C3H) p28 also competed for this binding, but more was required for competition equal to that seen with MMTV(RIM) p28 (Chart 4A). The shallower slope of the MMTV(C3H) p28 competition curve is charac teristic of a cross-reactive but not an identical antigen (11) . Changing the radioactive antigen from 125l-labeled MMTV(RIII) p28 to 125l-labeled MMTV(CSH) p28 and main taining the same antibody dilution revealed that both MMTV(RIII) p28 and MMTV (C3H) p28 competed identically in the radioimmunoassay (Chart 46). Thus the MMTV poly peptide of 28,000 daltons (p28) appears to contain both indistinguishable, i.e, group-specific, antigenic determi nants as well as clearly distinguishable, i.e., type-specific, antigenic determinants.
Since a low-antibody dilution was a necessary prerequi site for demonstration of type-specific reactivities, the pop ulation of antitype antibodies was most probably present in lower titer than in the antigroup antibodies. The possibility thus existed that other minor reactivities would also now become evident. virus, endogenous C3H type C virus, M432 M. cervicolor virus, Rauscher murine leukemia virus, bovine leukemia virus, and guinea pig virus. Purified gp52 of MMTV also did not compete. Protein extracts of C57BL lactating mammary glands, C57BL milk, uninfected CrFK feline cells, and fetal calf serum proteins also did not compete. Thus the specific ity of the radioimmunoassay for MMTV antigens was re tained even at low-antibody dilution.
Both type-specific and group-specific reactivities were retained when MMTV's were used that were grown in the same feline CrFK cell line. MMTV(GR)Fe and MMTV(C3H)Fe virions required greater protein inputs to cause competition equal to that of MMTV(RIII)Fe virions, when assayed with the anti-MMTV(RIII) p28 versus '"(-labeled MMTV(RIII) p28 assay (Chart AC). The slopes of the competition curves obtained with MMTV(C3H)Fe and MMTV(GR)Fe were shal lower than the slope of the MMTV(RIII)Fe competition curve. All 3 of the MMTV's grown in feline cells, however, competed identically in the group-specific anti-MMTV (Rill) p28 versus 125l-labeled MMTV(C3H) p28 radioimmunoassay (Chart 4D).
The identical reactivities shown in Chart 4, ÃŸand D, demonstrate that the distinguishing reactivities of various MMTV p28's and different MMTV virions shown in Chart 4, A and C, are due to type-specific antigenic determinants and not to differences in the concentrations of the reactants or possible antigenic damage due to preparation or storage. The type-specific reactivities retained with the feline-grown MMTV's indicate that these reactivities are coded by the MMTV genome and are not due to differences in murine cellular antigens.
DISCUSSION
Radioimmunoassays for intact MMTV virions (5, 13) and MMTV gp52 and p14 (16, 18, 21, 25, 35, 37) have been previously established. We report here the development of a highly sensitive and specific radioimmunoassay for the major internal polypeptide of MMTV, which can detect as little as 50 pg MMTV p28. The assay has been used to detect low levels of MMTV gene expression in a variety of murine mammary tumors as well as to characterize antigenic differ ences and similarities among MMTV's from various strains of mice.
Initial attempts to purify MMTV p28 by previously reported procedures (21) were not completely successful. By slight modification of the ion-exchange chromatography condi tions, including a change in pH and NaCI gradient elution, MMTV p28 was purified to apparent homogeneity as deter mined by polyacrylamide gel electrophoresis. The purified polypeptide could be stored as long as 6 months at -70Â°at a minimal protein concentration of 0.1 mg/ml without significant loss of antigenicity. This is in contrast with a previous report in which it was stated that the 27,000-dalton polypeptide of MMTV rapidly lost its immunoprecipitability and was difficult to use as an iodinated antigen (18) .
Under conditions of low-antibody dilution, the antigenic determinants of different types of MMTV's were compared.
The MMTV p28 polypeptides of MMTV(RIII) and MMTV(C3H) were found to contain antigenic determinants that appeared
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to be identical (group specific) and antigenic determinants that were clearly distinguishable (type specific). The typespecific reactivities observed were characteristic of crossreacting antigens as discussed by Hunter (11) . In crossreactions, quantitatively more of the cross-reacting antigen is required for inhibition of binding equal to that of the specific antigen being assayed, resulting in a competition curve with a slope shallower than that of the specific antigen. Since the antigenic differences and similarities observed were also found when these same MMTV's were grown in feline cells, it is most likely that p28 is coded for by the viral genome.
In other retroviruses the major internal polypeptide of approximately 30,000 daltons contains highly conserved antigenic determinants cross-reactive among a variety of different groups of viruses (26, 27, 29) . In contrast some low-molecular-weight polypeptides and the viral glycoproteins appear to be less conserved and more type specific (12, 28, 30) . This assay for MMTV p28 may therefore be extremely useful for the detection of similar antigenic deter minants in a variety of species.
By using this sensitive and specific radioimmunoassay for MMTV p28 together with the previously established radioimmunoassays for MMTV gp52, levels of MMTV gene expression can now be analyzed in terms of both viral glycoproteins and nonglycoproteins. This type of compari son is important in light of recent evidence of the noncoor dinate polypeptide chain initiation of glycosylated versus nonglycosylated MMTV proteins in infected cells (24) . These combined radioimmunoassays should further eluci date the mechanisms of MMTV replication and gene expres sion in murine mammary tumors.
